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ABSTRACT

Preparing Ingtitution: Gcorge Waeshington Uniwreity Gchool of Medicine
waﬂhmn,‘j, D.C.

Title of Report: Studics on the Gencties of Vipulenee in Enteric Bacteria

Principal Investi ator: Roburt Charles Veod, PulD,.

Wwber of Pages, Illuse
trations and Datle: 10,pagec, 4 tables
1 September LUG3

Contract Marter: D&-119=19"=)D-2376

Supperted 1y U. 8. Ay Wdicdh Fegearell and Developmeni Cozmand
Departwenc of k. Ay
‘ashington 29, D.C.

lote: Cepico of Wi ~pert g Lilcd vith the Pefonoe
Ducwecnietion Co..ocr, Bullddng 5, Carercn Jtetion,
Al :randria, Virginia, and aey be obiained from ol
&oeney Yy qualificl iav coipgetors working wulir pove
~ament contract.

Alterationg ver. obe rrod L thie virulonee o Shicellg flexnari 2a for pree

ircated puinea pips Joll fag - hybridice.don by Zsoie.ichia Loli K12 Iif- strains.
Gepetie studdos rnidzgec i v s chromegosal henole ¥y tween these Lo gpedocs.
Tovever, rcortinationu fivguencles e Lovr Ll toce cdueined i conparabl:
Ze coli X E. evli crodeng, ond oxtonsive tiuafiy of e Eschorichio spome vas
deteeted only occasionnlly. Virulonce t:8.6 cn Cuds lla hybrids carryin~ overs
lapping scpmeuls of he fegh: <dchidag curococ:i o o~ o @ed only eac vglon, located
b tween e _ﬁ;g‘ a.d iﬂ’ oms, vhiah was o s8cniinl for virulenee. Myvbrids
carrying the_ylirha® Eachc:dtda reglon es a P :Ti6.cnt cavgenote displeyed
intermediate vimulcnece; heploid scpregante hich Wge thie cxogenots were fMully
virulent, vhile onc haplodd lLich had incorperat.a it proved to be avirulent.
Prelininary teets on & mouscevirlent 1l.a typuimu-iw hybridiscd by an
avirulent Selmonclla sbony donor indicated t.al, in tLis eprcies also, Wirulence



may be lost om substituticn of the xyl'-rhs’ region. Salmonells typhose
strain 643W8T, hybridized by mating vith an B. goli Efr strain, wes found to
cxhibit enhanced recipient ebility on rcmating with E. goll domors vhose lead
chromosomal region ratched the genctic segment integrated by the hybrid.



1. Altorstions in the virvlence of Bscherichia-fhigella hybrid for the

cutoean pic.

1. During the past year this investigation has focused on the gepetic basis
of virulence in cuiweric bacteria. One importaunt finding has been the loss of
cuisea pig virulcne: in the 2e strade of Sigells flexneri after epecific subde
stitution of Bacherichia eoli gevetic material, as a reeult of mating vith
B. coll 12 Bfr stvains,

2. Gepetic recombination betieen Rfr straius of Escherichie coll K12 and
mczbers of the Suipella ooup wes fnitially demonstrated by luric emd Burrous
(1957). Bwtonsive, though incomplete, genctlc bamolozy was found to extist
between those tvo perers. Formal ot al.(195€, 1959) demonstrated a fatel en~
terdc fnfection dn cither otarwd or carben tetrachloride pretreasted suipea
piza challeaged orally vidh 8. flexneri 2a. This iafeotios produced lesions in
both the large and mmunll bewvol whiah resorbled hese ceon i hamam cates of
sbigellosis. The avallebility of both a genetic trausfer systen aad au fnfeo-
tion model thus cunodlod oxamingtion of alterations in the viruleace of 8.
Llozmerd 2a for gretreated geiscs PASS, felloving conjugstiea with B. eoli X-22.

3. Throe E. oolf K-12 Hfr strains vere exployed dn the gemetic crosses:
w1895, vhich trensfcrs its chromosomal markers dn the oxder origin, lactose
stilisation (lac’), srabimose wtildsation (g_."). rhamese utilisatien (rhe'),
iniol groductien (1o4*), xylesc utilisation (xy1'), maltose utilisaticu (mgl®),
fucose utildeaticn (fyc’), stootiate acid synthcsts (Jas*), ... calectose
widlisetion (gm®); &8 323 (origin, $ad*, g1, nal) ... she'); 1350



ol

(origin, nal®, x1*, tad) ....fus’). Matings betwoen these E. coll donore

ond the 2a B, flc:meri strein indicated that a gross hamology exists between
the chromoscmcs of thege two specdes. However, reecmbination frequencics were
lover then those obtaincd iu comparable E. colf X E. sold crosses (Table 1).
Purther, the predordnent Siicclle hybrid cless eoguired only the selccted genmce
tic rmavker frou the . coli parent; ex! nsiwe transfcr of the Escherichia
ename ves detcoted ouly occasionally (Zadble 2).

L, A definite progr:ssive relatiom Letiren desag: and response 18 not
alveys sproxrvut in the oral oiministretion of Shiclle 0 starved or carbon
tetrashloride troated gudues plos (Porual et al.,12°0, 1959). Thus it vas
pot possiblc o cuploy the Wgq dose ac an cstimate of virulence, However,
1t vas obsScrwd that & desc of 5 X 107 to 1 X 10° @ilpells organiers simiatstered
orally, undcr our cxperdwn-ztal conditious, comsisteutly killed & large propore
tion of enimals. Acs.ceucnt of virulence of ger atal sand hydbrid strains,
thor - fore, wvas depundcat prizarily on e&n "all or 1onc’ Sype of regponsc.

o By teoting &iicelle ybrids carrying overluppiag eegwents of the
Eschurichic r.momy it 1us hup.d that the tfnimu zun! or of chropseonal yoe
chons reepunsidblc for the viralinee of fhimellg for Y. pretreated puincs pig
mdcht 1 ddentificd. Gur virulcence date is szoaric-d in Tble 3. Rydbrids
having rrccivad loc', lac**s my®, rba® wul mel®froz the E. cold paront wur
e viruloat &0 the @kclla parontel stiain. Tose Lybrids whiich ewrricd rhe'’-
1pd' vere uwitorraly avisulent, ile i et xp1'- 1. Mybrids verc cithor
compl:tcly viryleut or avirulont ia sbout cqgual preportiens. AlWhouch enc
fuc* hytrid veo vimleat, the remslning o’ lybrids tested, as wll e all
of the 9_130, m.v' éﬁ” and _1!(._" - *’- _l_u‘. verc cf dnterzeddste viredenoo,
1.c., they conststcatly killed a Jov but sigudfioa: proporticm of animals.
nmmmmmmunmsﬁunn-mmg.&u_m
dcplegyed this fotvediate virulcnee.



6. Exemination of hybrids possessing the characteristics of segregating
partial diploids strongly indicated that the observed alterations in virulence
were due to the transferred Escherichis material. Several rha* - ind* - ;1lf -
5!l+ hybrids, in spite of repeated purification, segregated clones (sabout 1 in
10% cells) which exhibited the parental Shigells phenotype. When tested in the
guinea pig (Table 4), these partial diploids were found to be of intermediate
virulence, while their haploid segregants, which had completely lost the in-
jected Escherichig genes, were indistinguishable from the parentsl Shigells strain
in their virulence. On onseoccesion a haploid segregant was isolated in which
the previously exogenotic fragment had become integrated. This segregant

proved to be avirulent,

I1. Alterstions in the virulence of Salmonella - Salmonells hybrids for the

mouse.

1. The indieation of s genetic locus, or loci, centrelling the virulence
of $higella for the pretreated guines pig has led us to investigate the possible
existence of a similer factor, or factors, in Salmonells. Hybridization of
Salmonells by E. coli was initially reported by Beron, Carey and Spilmen (1958).
Subsequently, it has been found possible te produce $glmenella possessing dener
sbility, either by hybridization for a terminal B. coli Hfr merker (which eften
results in integration of the sex facter, ¥), or by infection with ¥, followed
by selection for Hfr mutants. The use of such donors in crosses vith $plpenells
syehisuriug, @ vatursl pathogen for the mouse, presents an excellemt system fov

the gematic study of virulence.



2. In preliminsry experiments, S. typhimurium strain C-5, genetically
marked and virulent for the mouse, was mated with an evirulent §. abony donor
strain, and several hybrid classes from this mating were tested for mouss viru-
lence. The initial findings indicate that virulence may be lost in the hybrids
when substitution occurs in the 511* - 5hgf region. The correspondence of this
preliminary dats with that obtained from the experiments with the §higells hy-
brids is most encouraging. However, further studies will be necessary to con-

firm these findings, and to establish whether other chromosomal regions might

also be involved in the virulence of S. typhimurium for the mouse.

I11. Behavior of E. coli - S. typhoss hybrids on remating with E. coli Hfr streims.

1. From the outdet of this investigation our hope hes been to transfer
the property of virulence from a virulent genetic donor to an svirulent genstic
recipient. As yet, this hes not been accomplished, owing to the difficulty of
obtaining virulent donor stréins. Sglmwonella, either virulent or svirulent,
generally are poor recipients in ganetic crosses with E. coli K-12 donors. Trans-
fer of Hfr donor ability to virulent Salmonells strains in these cases is very
hard to achieve, However, our studies on the behavior of §. gyphosg hybrids
produced by mating with E._coli have pointed out s method by which the genetic

vecipient ebility of Salmonelly may be increased.

2, 1t has been previously observed that 8. typhimyriym hydrids from
genetic crosses with E. coli Hfr streins exhibit incressed fertility vhea re-
mated with the K. ¢oli parent. This has been shown to represeat selectiem of
pre-existing, high frequency recipients from an otherwise sterile populatien by
the first round of mating. However, upon exsamination of this phenomsnon with

8. typhoss as the genetic recipient, we discovered that, in this speices, selec-



tion of high frequency recipients was not involved. Our studies showed, in
fact, that the increased recipient ability of the S. typhosa hybrids was due to

the presence of integrated 8. coli genetic material.

3. 8. typhosa strain 643WSR was mated with the E. coli Hirr W1895
(origin, lac*, ara*, . . . gal*) with selection for the lead marker lac*.
Lactose positive S. typhoss hybrids, when remated wibh W1895 for the more dis-
tal marker arat, showed frequency incresses of 20U times the normal frequency
for transfer of this gene to previously unmated 8. typhosa. It was noted that
many lgsf S. typhosa hybrids were heterogenotes which continually segregated
lactose negative (lac™) clones. When a number of these lac™ segregants, which
had lost the E. coli genetic material, were remated with the E. coli parent,
none showed any increase in recipient ability. This provided the initial evi-
dence that the fertility increases of the hybrids occurred as a consequence

of the transferred E. coli :enetic material.

4, E. ¢oli Hfr strains Wi895 and Hayes (transferring origin, ggg+. _33*,
« v ;hg*) were crossed with 8. typhosa 643 HSR, with selection for the single
merkers lact and 3;_*. Pour classes of 643WSR hybrids were cbtained which were
labelled es follows: those receiving lgg+ alone or 3;!+ alone from W1895 were
designated wsk lggf(95) and wsk arat(95), respectively; those receiving these
individual markers from Hayes were labelled WSR lac*(H) and WSR ara*(H). These
four hybrid classes were then remsted with each of the two E. col# Hfr strains
in a series of eight reciprocal genetic crosses, These crosses, shown in Table 5,

demonstrated that each hybrid class was capable of exhibiting significant in-

creases in recombination frequency wherever the leading chromosomsl region of



the K. coli Hfr used for remsting mstched the B. coli genetic segment previously
integrated by the hybrid, When the slternate Hfr (which did not inject its
chromosome into the region of artificfal genetic homology) wes employed, no
incresse in recombination frequency was observed. An exception was noted in
the Hayes X WSR lec*(H) matings (Table S, cross 6), where a 13-fold increase
occurred when the E. coli segment integrated by the hybrid does not appear to
match the lesd chromosomsl region of Hayes. Probably, these hybrids have inte-
grated E. coli material nesrer to the Hayes lead region than the absence of

the u'g+ sarker would indiceste.

5. Thus, it 1s possible to incresse significantly the recipient ability
of 8. typhosa in crosses with E. coli Hfr strains by transfer and integration
of strategically locasted I. coli chromosomsl segments. The studies of Zinder
(1960) snd Palkow, Rownd and Baron (1962) have shown that the hemelogy which
exists between Escherichis and Salmonellg is incomplete. Presumably, then,
prior estsblishment in §. typhoss of an Escherichia genetic segment homologous
with the leading chromosomal aBction of the E. coli donor facilitstes early
genetic peairing and integration of the transferred msterial., Removal of the
fnitial barrier to integration of lead Hfr markers would increase the chances
of integration of more distal merkers, thus accounting for the observed in-

cresse in recombination frequencies.

Summary

1. Three E. coli K-12 Hfr donors were employed in genetic crosses with
the 2s strain of Shigells flexneri. The rcsults of these matings confirmed

the existence of a gross homology between the chromosomes of these two organisms.
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However, recombination frequencies were lower than those obtained in comparable
E, coli X E. coli crosses, and extensive transfer of the Escherichis genome was

detected only occasionally,

2, Shigella hybrids carrying overlapping segments of the Escherichia
genome were compared with the parental Shigella strain with regard to their
virulesce for starved or carbon tetrachloride treated guinea pigs. Hybrids

+ + + + +
which received lac’, lec -~ ara , rha , and mal from the E. coli parent were
as virulent as the parent strain. Hybrids carrying rhat - ind" were uni formly
+ +
avirulent, while xyl and x¥1+ - mal hybrids were either completely virulent
or avirulent in about e ual proportions. With one exception, fuct, nig+,

+ +

t - 21£+, and fuc’ - nic’ - lact hybrids, as well as those receiving the

fuc

coli, vere of intermediate virulencd.

pili antigen from E

3. Shigella rhat - ind' - xyl* - mal* hybrids, possessing the character-
istics of segregatiupg heterogenotes, were found to be of intermediate virulence,
while their haploid segregants, which had lost the E. coli genetic material,
were fully virulent., One haploid segregatt, which had integrated the pre-

viously exogenotic E. coli fragment, proved to be avirulent.

4, 1In preliminary experiments, & virulent Salmonells typhigurium strain,
C-5, was mated with an svirulent Salmonells abony donor strain. Testing of
several hybrid classes produced by this mating indicated that mouse virulence

may be lost in the hybrids when substitution occurs in the xyl* - ;h§+ region.

5. Lactose positive Salmonella typhosa hybrids produced by mating with

E. coli Hfr W1895 showed significant increases in frequency when remated with



this Hfr, However, lactose nesative segregants from lact §. typhosa hetero-
genotes displayed no fertility increase, indicating that the integrated Escher-

ichia genetic material was responsible for the enhanced recipient ability.

6. E. colf Hfr strains W1895 and Hayes were mated with §. tynhosa 643wsR
with single marker s&dection for lact and ara*. Four hybrid classes were ob-
tained, each possessing a single marker derived from one of the E. coli parentss
In a series of eight reciprocal cenetic crosses, each hybrid class was remated
with each of the two E. coli Hfr strains. With one exception, recipient ability
was incrcased in the hybrids only when the E. coli genetic segment previously
integrated matched the proximal region of ghe remating Hfr chromosome. We
have interpreted this as establishment in §. typhosa of an arttficial chromo-

somal homology, which removes the initial barrier to inte;ration of E., goli

lead markers, thcreby increasing the intcgsration chances of more distal Hfr

markers.

Discuxsion

The genetic studies prescnted in this report confirm and extend the obsew
vations of Luria and Burrous (1957) that E. coli K-12 and Shigella exhibit genetic
homology. Our findin;: that Shigella hybrids thow alterations in virulence as a
consequence of inte.ration of segments of the E:cherichia chromosome is most sig-
nificant. Of equal importance is the fact that some hybrids retain virulence
even after incorporation of up to 15 per cent of the Escherichia genome.

The intermediate virulence of these bybrids vhich had received one of two

widely divergent chromosomal recions is not immediately apparent. However, it



1s encouraging that analysis of over onc-half of the chromosome has revealed
only one region which appears to be esgential for the virulence of S. flexneri
2a for the guinea pig. The segregation of virulence among the le+ and
le* - ggl* hybrids, and the complete loss of virbdémace in all hybrids carry-
ing the closely linked 12§+ and £ﬂ£+ - 139? markers indicates that we may be
dealing with a single gene, or gene cluster, located between Ehéf and 5xl+ .

The results obtained with partial diploid strains are strongly suggestive
that the observed virulence alterations of Shigella hybrids are the direct re-
sult of the presence of Escherichia gemetic material, rather than some non-
specific phenomenon. In the partial diploid, the hybrid retains its full
complement of Shigella uenes, but is still significautly less virulent than
the parental dysentery culture. The strain may return to complete virulence
by eliminating the Escherichia chromosomal fragment or become avirulent by
incorporation of the fragment., The reduced virulence of the diploid cells
indicates that one or more determinants of the endogenote important for viru-
lence are recessive to, or may be replaced by, determinants on the Escherjchia
exogenote, In addition, the data obtsined with diploids suggest that the viru-
lence loss associated with the in€orporation of the gggf - 51l+ region is very
likely not due to deletion or unequal crossing over of Shigella material,

As indicated previously, evidence is sccumulating to show that the

chromosomes of E. coli, Salmonella, and Shizella arc grossly homologous. This

gross homology could indicate that identical chromosomal regions responsible
for virulence (or lack of virulence) may be identified i{n all three groups of
organisms. In fact, our preliminsry data with S. tyohimurium indicates that

this is the case. Further studies will, of course, be required to verify these
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data, and to establish the precise chromosomal location of the genetic deter-
minant (or determinants) responsible for virulence in these organisms. In

addition, it is anticipated that the information derived from our studies on

Salmonella recipient ability will enable us to obtain virulent Salmonella and
Shigella donor strains, The employment of these strains in future studies
would provide significant informatien with regard to virulence, genetic homol-

ogy, and evolution of species within the Enterobacteriaceae.
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Table 1

Transfer of Genetic Characters from E. goli K-12 to §. flexneri 2s strain 24577

Cross Selection Frequency of
Recombination
E. coli Hfr W 1895 lact 3 x 1073
X ara’ 5 X 107%
5. flexners 2a F- 24577 tha' 3.5 X 10°5
=yt 2 X 107°
nalt 2 X 1070
fuct 5 x 1078
nic* < 1077
E. goli Hfr AB 313 xyit 3 x 103
X mal* 1 x10°3
S. flexneri 2a F- 2457T nic* 5 x 1076
E. goli Hfr 1362 mal* 2 x 1073
x xy1* 1 x 103
S. flexneri 2a P- 24577 lact 7 X 1073

The frequency of recombinstion is expressed as the number of hybrids isolated

per donor cell.
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Table 3

Summary of Hybrid Virulence

Hybrid Class Mo, hybrid Deaths 5% Gonfidence
strains tested  Total X Mortelity Limits
last 3 19/24 79.16 62.90-95.42
lact - apa* 2 61/77 79.22 70.16-88.28
arat - purt 3 16/55 29.09 17.10-49.08
rhet 2 18/24 75.00 57.95-92,05
xylt 3 20/25 80.00 64.32-95.68
xy1t 3 1/36 2,77 -2.59-8.13
xy1t - matt 4 39/60 65.00 52.93-77,07
't - st 2 2/39 5.12 -1.79-12,03
mal? 5 62/92 67.39 57.81-76.97
ind* - xy1* - mel* 3 4/56 7.14 0.42-13.86
zhe'-1nd*-xylt-mel* 4 9/103 8.74 3.54-13.95
fuc* 1 17/25 68.00 49.78-86.82
fuct 3 11/33 33.33 17.26-49.40
nict - fuct 2 6/20 30.00 10.02-49.99
*ooguct - lact 1 8/21 38.09 18.30-57.88
Controls
S. flexneri 26577 1 120/157 76.43 69¢79-83.07

3. soli V1895 1 1/48 2.08 <1.96-6,12



Table 4

Virulence of Pertisl Diploid Hybrids

Of 8. flexneri 2s and Their Heploid Segregants
For the Guines Pi.

Genotype of Hybrid Deaths % Mortaiity 95% Confidence
Total Limits
Diploig
rhet-gndt-xy1t-ma1* 11/29 34.48 19.55-49.61

rha*-1nd*-xy1*-mal®

Haploid Segregant
rhs -ind"-xyl~-mal” 24/29 82.76 63.54-92.82

Haploid Segregeant
rha*-ind*-xy1*-ma1t 2/26 7.69 -2.60-17.98



*§3880X9 3833 Yl JO Yded

Y31n £]3ua2amdu0d dn 33s $938[d € Jo Aduanbazy uOTIBUTqEOIIX PanIIsqo ISIY3TY 3ydI sIusssadaz
(aajaem pa3dralas ayl 103 ,SMEH9 X SIARH IO GEBFM) $80a13 [0aIUCD Y3 jo Aduanbaxjy ayy

--- -0l X §°1 s 1z

XSS (-C1 x2°8 0t

Xel g-01 X 0°9 L R
X%6 (=01 X 0°§ A %4

--- g-01 X 8°% n.~h
XS9¢ L-01 X 0°9 m.wﬂ
=== ¢-01 X §°1 81y
X00¢ 9-01 X 0°1 ~.~w
1033U0) *baag TAdq
23A0 sso1) *p3g

sseaxduy 103309

¢-O1 X 8°1
¢-01 X §°9
¢-01 X 0°8
¢-01 X L°%
-0 X §°¢
9-01 X 9°1
¢-01 x 1°Z

y-01 X 0°¢C

119 aouoq
/voad usmay

aso3de]

asouiqeaw

asouiqeae
#s03d8]
asouiqese
95039e]
2:;039e]

asoujqeas

goyaIoeias

(R),3F ,sM X
(R),5%T ,sn x
(m),5°7 ;34 x
(n),83% ,ga x
($6),571 ;A x
($6),83% ;3 x
(56) 53¢ ;M &

($6) 5% 484 x

804D

s3LeH 1JH PUE C68IM 2JH UYITA SPTIQAH ¥6064dX3 'S jo sBujisy jo Lieummg

S diqe)

$681M

S681A
saley

(17¢ .1
selen
sofsp
s681n
s681n

()

)
)

(<)
)
€)
@)
(v



XY WD JEFINING SUBIRCZ NATIRR FOR IIBEXING FURPOSES

1. BEoteric beeteris

e geaptics of viruloxac in

2. OGepctics
v of virvlome L3 "aicoric Vaectords

3. Wimlsenoc
e geactfc sdice I cutoric ltaciorda



